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� The ultrafast temperature fields is predicted by FEM simulations.
� The critical thickness for gold-coated fused silica is obtained.
� The effect of gold layer thickness on thermalization of gold-coated fused silica is explored.
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a b s t r a c t

The ultrafast thermalization dynamics in gold-coated fused silica irradiated by femtosecond laser are
numerically investigated by Finite Element Method (FEM). The temporally sequential thermal relaxation
model, which jointly considers the two temperature relaxation and the thermal diffusion relaxation
dynamics is proposed for explaining the thermalization characteristics in gold-coated fused silica system.
It is revealed that the gold layer thickness of 0.6 mm is the critical thickness for influencing the tem-
perature distribution across gold-coated fused silica system. In addition, the effect of gold layer thickness
on thermalization dynamics of gold-coated fused silica system is examined in detail.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Femtosecond laser has the capability of non-thermal processing
due to ultrashort pulse durations and ultrahigh power densities,
which can greatly minimize the thermal damage and considerably
increase the fabrication precision and quality [1,2]. The potential
advantages of femtosecond laser processing of material originate
from the non-equilibrium process in material, in which electrons
and phonons can be considered as respective systems. Many pre-
vious researchers have investigated the thermal dynamics process
in metal based on the two temperature model. The ablation char-
acteristics of Au, Ag, and Cu metals using a femtosecond laser were
investigated by Furusawa et al. [3]. Chen et al. used an axisym-
metric, dual-hyperbolic, two-temperature model to investigate the
thermal response of ultrashort laser pulse interaction with a metal
film [4]. However, most of them treated the gold film as free-
standing one, which becomes even incorrect for multilayer
en), guangqingdu@mail.xjtu.
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substrate system as the thermal relaxation period exceeds the
electron-phonon relaxation cycle.

Multilayer structure and multiple interfaces are playing an
important role in electronic device interconnect and packaging in
microelectronics industry. The theoretical researches about the
heat transfer mechanism of packaging material and packaging
material failure mechanism are still limited for far. Many previous
studies on thermal dynamics in metal-coated substrate system
with ultrashort laser pulse excitation are focused on interface
thermal dynamics. The phonon transmission characteristic across
solid-solid interface was studied by Swartz and Pohl [5]. Then
Hopkins et al. studied the influence of substrate on electro-
nephonon coupling measurements in thin gold films [6,7].
Recently, Guo et al. employed transient thermal reflectance (TTR)
techniques to investigate the interface heat transfer in thin gold
films on silicon substrates [8]. They concluded that it is possible to
isolate the effect of direct electron-phonon coupling across the
interface due to the strong non-equilibrium between electrons and
phonons during ultrafast laser excitation. When the thermal dy-
namics process in the metal-coated substrate system goes beyond
the electron-phonon coupling period [9,12,13], the isolation of
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electron-phonon coupling with the substrate will lead to incorrect
conclusions. Therefore, it is necessary to investigate the basic
mechanism of full thermalization processes in gold layer-substrate
system beyond electron-phonon coupling cycle for well optimizing
the micro-fabrication processes.

In this paper, we propose a temporally sequential thermal
relaxation model, which jointly considers the sequential processes
of two temperature relaxation and thermal diffusion relaxation for
investigation of the ultrafast thermalization dynamics in gold-
coated fused silica system. The electron and phonon temperature
field distributions along the depth of gold-coated fused silica at
different delay time beyond the electron-phonon coupling process
are analyzed. The dependence of temperature distribution of gold-
coated fused silica on laser parameters and gold layer thickness are
explored carefully. Moreover, the effect of fused silica substrate on
temperature field distribution of gold-coated fused silica system is
examined in detail.
2. Modeling and methods

For gold-coated fused silica system, the thermal relaxation
process becomes significantly distinct during different thermal
relaxation periods. It is widely accepted that the well-known two-
temperature relaxation dominates in the electron-phonon relaxa-
tion period on picosecond timescale [14e18]. However, after the
two temperature relaxation, the normal thermal diffusion will take
place across the interface between gold layer and fused silica sub-
strate. Therefore, it is very important to take the full thermal
diffusion processes into account for well describing ultrafast ther-
mal excitation dynamics in the gold-coated fused silica system. The
gold-coated fused silica system is shown in Fig. 1. The laser is
incident from the left. In the current studies, the fused silica sub-
strate is taken as bulk target. It means that the less thermal energy
can reach the bottom of fused silica substrate. On the other hand,
the gold layer thickness is treated as optional parameter in the
simulations in order to explore the dynamics process of gold
thickness effect on the ultrafast thermalization of gold-coated fused
silica system.
2.1. The temporally sequential thermal relaxation model

The proposed temporally sequential thermal relaxation model
jointly considers the full thermal relaxation processes including the
two-temperature relaxation and thermal diffusion relaxation in
order to explore ultrafast thermalization dynamics of gold-coated
fused silica system irradiated by a femtosecond laser pulse.
Because of the symmetry of Gaussian laser spot, it is reasonable to
simplify the model into one dimensional (1-D) form. Herein,
building the 1-D model is not only convenient to get fundamental
understanding of thermal relaxation dynamics in gold-coated fused
silica system, but also saves computering time largely. For the 1-D
Fig. 1. The schematic of gold-coated fused silica system. The thickness of gold layer is L.
The thickness of fused silica is 2 mm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
gold-coated fused silica system, the proposed model is described
as follows:
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Eqs. (1) and (2) describe the laser energy deposition and the
following two temperature relaxation in gold layer. After the two
temperature relaxation termination, the electron-phonon coupling
mechanism disappears in gold film due to the establishing of the
thermal equilibrium between electrons and phonons system.
Therefore, the Fourier thermal diffusion relaxation is represented
by and Eq. (3). The subscripts e and p refer to the electron and
phonon parameters. C ¼ Ce0 (Te/T0) is the temperature-dependent
electron heat capacity; Cp is the phonon thermal capacity which
can be considered as a constant. Te is the electron temperature; Tp is
the phonon temperature. ke ¼ k0 (Te/Tp) is the temperature-
dependent electron heat conductivity; the phonon heat conduc-
tivity is normally neglected in the two-temperature relaxation
period due to the quite longer phonon diffusion compared to the
electron-phonon relaxation time. g is the electron-phonon
coupling coefficient [19,20].

Besides the electron and phonon parameters, t is the time; x is
the depth; T0 is the room temperature. Q is the energy absorption
rate, which can be written as:

Q ¼ S� UðtÞ (4)

Q can be modeled with a Gaussian temporal profile [21,22] (In
the temporally sequential thermal relaxation model, the Gaussian
temporal profile is simplified to 1-D form due to the symmetry of
Gaussian laser spot).Where
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here, R is the target reflection coefficient; tp is the full width at half
maximum (FWHM) with linear polarization. The effective optical
penetration depth can be written as the simple form of a ¼ d þ db,
d ¼ 15.3 nm is the optical penetration depth, db ¼ 100 nm is the
ballistic length for gold film [9e11]. F is the laser incident energy.

2.2. Initial and boundary conditions

The calculation starts at the time t ¼ 0 and the initial conditions
for both electrons and phonons are assumed to be room temper-
ature. Thus

Teðx;0Þ ¼ Tpðx;0Þ ¼ 300 K (7)

During the femtosecond-to-picosecond time period, it is
reasonable to assume that heat losses from gold layer to sur-
rounding as well as to the front surface can be reasonably neglected
because of the ultrafast process of the two-temperature relaxation
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period compared to that of the irradiation thermal loss cycle. As
laser energy diffuses to fused silica, the energy loss to surrounding
is also neglected due to the weak temperature perturbance in
borderlines of fused silica. Therefore, the boundary conditions can
be written as
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here, U and U1 represent the borderlines contacting with the sur-
rounding of the metal film and fused silica.

At the interface of gold-coated fused silica, the thermal contact
is mainly dominated by phonon. So the boundary conditions of the
interface can be written as:
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Here, h is treated as constant parameter at the normal thermal
relaxation process.

Because of the flexibility of finite element method in dealing
with the heat transfer equations, the partial differential Eqs. (1) and
(2) are simultaneously solved by the Finite Element Method (FEM).
In the current FEM simulations, three main steps are employed for
the calculation procedures. Firstly, we build the geometrical
domain of gold coated fused silica; Secondly, the mesh generation
procedure is carried out to divide the geometry into patches.
Following that, we introduce the mathematical expression into the
meshed geometry, and solving the mathematical expression using
FEM procedures package. The initial conditions for electrons and
phonons are assumed to be room temperature. During the
electron-phonon coupling period, it is reasonable to assume that
heat losses from the metal film to the surrounding as well as to the
front surface are neglected. During the thermal diffusion relaxation
Fig. 2. The electron and phonon temperature field distributions along the depth of gold-co
diffusion relaxation periods (b). The thickness of gold film is 0.5 mm and 0.35 mm, respect
referred to the web version of this article.)
period, the thermal contact is mainly dominated by phonon at the
interface of gold coated fused silica. In the current FEM simulations
procedures, the geometry is nonlinearly meshed across the laser
spot space and the time step size is settled as 5 fs which is smaller
than the laser pulse duration for precisely calculating the temporal
evolution behavior of the ultrafast thermal excitation in gold-
coated fused silica system.
3. Results and discussion

The thermal and optical physical parameters for gold layer and
fused silica are listed as follows: gold layer: g ¼ 2.6 � 1016 w/(m3k);
k0 ¼ 315 w/(mk); Ce0 ¼ 2.1 � 104 J/(m3k); Cp ¼ 2.5 � 106 J/(m3k));
fused silica: k ¼ 1.38 w/(mk) [20].

The thickness of gold layer is treated as an adjustable variable
and the thickness of fused silica is fixed at 2 mm. The related laser
parameters we used are: l ¼ 800 nm, tp ¼ 30 fs.

The electron and phonon temperature field distributions along
the depth of gold-coated fused silica at different delay time of
electron-phonon relaxation and thermal diffusion relaxation pe-
riods are shown in Fig. 2. It can be seen from Fig. 2(a) that gold film
electrons are obviously perturbed during the electron-phonon
relaxation period. However, the fused silica keeps undisturbed on
the picosecond timescale. When the delay time is less than 10 ps,
indicating the electron and phonon systems are reaching thermal
equilibrium, the electron temperature gradient exists in gold layer.
However, the electron temperature distributions in gold layer keep
almost uniform when the delay time exceeds 10 ps, showing that
electrons and phonons have established thermal equilibrium dur-
ing this period. After 10 ps, the thermal diffusion mechanism will
dominate thermal relaxation process in the gold-coated fused silica
system. It can be seen from Fig. 2(b) that the phonon temperature is
distributed uniformly across the gold layer on the nanosecond
timescale during the thermal diffusion period. However, the
phonon temperature decays rapidly in fused silica near the inter-
face of gold-coated fused silica system. In current simulations, the
fused silica is weakly excited and the thermal conduction in the
fused silica is mainly dominated by phonons. Therefore, we name
the temperature of fused silica with the phonon temperature of
fused silica of Tp. With increase of delay time from 1 ns to 50 ns, the
phonon temperature decreases in gold layer, while increases in
fused silica, which can be attributed to gold layer energy diffusion
into substrate due to phononephonon collision across the interface
of gold-coated fused silica system.
ated fused silica at different delay time of electron-phonon relaxation (a) and thermal
ively. (For interpretation of the references to color in this figure legend, the reader is



Fig. 3. The electron temperature field distributions at 5 ps (a) and phonon temperature field distributions at 10 ns (b) along the depth of gold-coated fused silica with different gold
layer thickness. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The electron temperature field distributions at 5 ps and phonon
temperature field distributions at 10 ns along the depth of gold-on-
fused silicawith different gold layer thickness are shown in Fig. 3. It
can be seen from Fig. 3(a) that the electron temperature drops
sharply at the interface of gold-coated fused silica but keeps room
temperature in fused silica. This is attributed to the fact that the
electron thermal energy can be less transferred to fused silica
substrate due to nonmetal characteristics of fused silica, in which
less free electron can be generated to enhance the thermal con-
duction with gold layer. It can be seen from Fig. 3(b) that at time of
10 ns during the thermal diffusion period, the gold layer phonon
temperature becomes almost uniform and begins to fall near
interface of gold-coated fused silica. More interestingly, we can see
that phonon temperature is inversely proportional to gold layer
Fig. 4. The dependence of phonon temperature and temperature difference across the go
references to color in this figure legend, the reader is referred to the web version of this ar
thickness across gold-coated fused silica system. This can be
interpreted as that at time of 10 ns, the heat energy has uniform
distribution in the gold layer, and there is a tiny fraction of heat
energy transfer from gold layer to fused silica. Therefore, at the case
that the total heat energy is almost the same, the average heat
energy in gold layer is inversely proportional to the film thickness.

The maximal phonon temperatures at point A (laser spot center
on surface) and point B (laser spot center on interface) of gold-
coated fused silica system as functions of gold layer thickness are
shown in Fig. 4. We can see that as the thickness of gold layer is less
than 0.6 mm, themaximal phonon temperature at point A decreases
dramatically with increasing gold layer thickness. Once the thick-
ness exceeds 0.6 mm, the phonon temperature at point A keeps
constants with values of 437 K, 524 K, 607 K for three different laser
ld layer of gold-coated fused silica on gold layer thickness. (For interpretation of the
ticle.)



Fig. 5. The maximal phonon temperature field distributions at the different situations that the gold-coated fused silica system and the free gold film structure as a function of laser
fluence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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fluence of 0.2 J/cm2, 0.35 J/cm2, 0.5 J/cm2, respectively. The result
shows that 0.6 mm is the critical film thickness and the maximal
phonon temperature is not affected by the gold layer thickness as it
is larger than 0.6 mm. It can be attributed to the critical thermal
diffusion length in the gold film, which is calculated to be 0.6 mm
during the electron-phonon relaxation period in the current sim-
ulations. As the gold film thickness exceeds 0.6 mm, the gold film
can be treated as the bulk target. As a result, the maximal surface
phonon temperature is not affected by the gold layer thickness as it
is larger than 0.6 mm. We can see from Fig. 4(b) that the maximal
phonon temperature at point B decreases slowly with increasing of
gold layer thickness and the speed of temperature decreases at
point B becomes smaller as laser fluence continuously increases.
Fig. 4(c) shows the temperature difference (DΤ) of phonon tem-
perature across gold layer of gold-coated fused silica system as a
function of gold layer thickness at three different relaxation time.
We can see that as the gold layer thickness is less than 0.35 mm,
drops dramatically with increasing of gold layer thickness, while DΤ
increases slowly once the gold layer thickness exceeds 0.35 mm. It
indicates that the thermal loading damage of gold layer due to
thermal gradient across gold layer is relatively small when the gold
layer thickness approaches 0.35 mm. When the gold layer thickness
is less than 0.35 mm, the increasing of the gold film thickness will
cause obvious drop of gold layer surface temperature, meanwhile,
the temperature at the bottom of gold layer can slightly decrease
due to the weak role of the thermal diffusion into the substrate at a
few nanoseconds. Therefore, the temperature difference drops
dramatically with increasing of gold layer as it is less than 0.35 mm.
However, as the gold layer thickness exceeds 0.35 mm, defined as
the critical length corresponding to the distance from the surface of
gold layer to the thermal wave front center. The increasing of the
gold layer thickness will cause weakening of the thermal wave
front energy arriving at the interface, leading to decrease of the
temperature at the interface. Meanwhile the temperature of gold
layer surface can be slightly affected by the interface resistance as
the gold layer thickness exceeds 0.35 mm at a few nanoseconds.
Therefore, the temperature difference increases slowly with
increasing gold layer thickness as it exceeds 0.35 mm.We compared
the temperature difference of the phonon temperature across the
gold film of the free-standing gold film and gold-coated fused silica
system (Fig. 4(d)). It shows as the gold film thickness is less than
0.6 mm, the temperature difference DΤ differs greatly for the free-
standing gold film and gold-coated fused silica system. Once the
gold layer thickness exceeds 0.6 mm, the temperature difference
exhibits a similar tendency for free-standing gold film and gold-
coated fused silica system. It indicates that gold layer thickness of
0.6 mm is the critical thickness and once the gold layer thickness is
less than 0.6 mm, the substrate will significantly impact on phonon
temperature distribution of gold layer. However, the phonon
temperature distribution can be less affected by the interface of
gold-coated fused silica as gold layer thickness exceeds 0.6 mm. This
conclusion should be basically beneficial for understanding pro-
cesses of ultrafast thermalization dynamics in gold-coated fused
silica system for well optimizing femtosecond laser micro-
fabrication of the composite structures system.

The maximal phonon temperature at point A (laser spot center
on surface) and point B (laser spot center on bottom of gold layer)
as a function of laser fluence for free-standing gold film and gold-
coated fused silica system are shown in Fig. 5. It can be seen from
Fig. 5(a) that the maximal phonon temperature at point A presents
almost linear grows with increasing laser fluence and exhibits less
difference for gold-coated fused silica system and free-standing
gold film. We can see from Fig. 5(b) that the maximal phonon
temperature at point B also grows linearly with increasing laser
fluence. More importantly, the temperature difference between
gold-coated fused silica system and free-standing gold film be-
comes more and more obvious with increasing laser fluence. The
results indicate that the fused silica substrate can significantly af-
fects the phonon thermalization of at the bottom of gold film, but
less affects the thermalization of on the gold film surface.

4. Conclusion

In this paper, we numerically investigated the ultrafast ther-
malization dynamics of gold-coated fused silica system. The results
indicate that the thermal loading damage of gold layer due to
thermal gradient across gold layer is relatively small when the gold
layer thickness approaches 0.35 mm. As the gold layer thickness is
less than 0.6 mm, the fused silica substrate will significantly impact
on phonon temperature distribution of gold layer. The results
should be basically helpful for understanding the fundamental
thermalization processes of gold-coated fused silica system for well
optimizing laser micro-and nano fabrication.
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